The hepatitis C virus (HCV) evolves so rapidly that, in individual patients infected with certain genotypes, HCV exists as a heterogeneous population of quasispecies. Both viral genotype and quasispecies diversity influence disease severity and treatment response (reviewed in references 9 and 45). Patients infected with genotype 1 often do not respond to antiviral therapy, whereas patients with other genotypes respond more favorably (25) . The kinetics of viral load decreases after the initiation of interferon therapy suggested a high freevirion clearance rate, a low rate of virus production in infected cells, and a high rate of infected-cell death in patients infected with genotype 2 relative to those in patients infected with genotype 1 (28) . Strains that more rapidly evolve into diverse quasispecies more readily evade the host immune system, leading to chronic hepatitis (10) , and respond less well to therapeutic intervention (11) . Exactly how HCV genetic variation leads to these clinically important viral phenotypes is still largely a mystery, however. This comparative study was therefore initiated to define the impact of genetic variation on the activity of one of the best characterized HCV proteins, the NS3 helicase.
HCV is a positive-sense, single-stranded RNA (ssRNA), and as such, when it enters a cell, HCV genomic RNA is translated into a peptide over 3,000 amino acids long from a single open reading frame. Both the host and viral proteases process the HCV polyprotein into three structural proteins (core, E1, and E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). Most studies dealing with the impact of genetic variation on the HCV life cycle have focused on linking heterogeneity in NS5A (7) and E2 (38) with the treatment response, but their conclusions remain controversial.
Some, but not all, of these studies demonstrate that variability in these regions correlates with resistance to various treatments. However, no molecular mechanisms have been elucidated, in part, because neither E2 nor NS5A has clearly defined biological functions. Little is known about the impact of genetic variations on the activities of HCV proteins with wellcharacterized activities, such as the NS5B polymerase, or about that of the NS3 helicase/protease. The helicase was chosen for this study because it has a clear biological relevance and can be relatively easily expressed and purified as a recombinant protein.
The HCV helicase is part of the NS3 protein, which has two separate independent functional domains. The other NS3 domain contains an essential serine protease that acts to cleave the NS3-to-NS5B region of the HCV polyprotein. The HCV helicase unwinds duplex RNAs that are formed during the viral RNA replication process. Curiously, the HCV helicase unwinds DNA more effectively than RNA (29) even though there is no known DNA intermediate in the HCV life cycle. Several crystal structures (4, 18, 44) and mechanistic studies (20, 21, 23, 26, 29, 32, 33) have helped reveal that the HCV helicase couples energy derived from ATP hydrolysis with the translocation of the protein. The enzyme moves like a molecular motor along one nucleic acid (NA) strand in a 3Ј-to-5Ј direction and, in the process, displaces the cDNA (or RNA) strand. All of the studies described above have focused exclusively on helicases derived from genotype 1a or 1b. None have examined the activity of the helicase derived from other genotypes.
Many previous studies of the HCV helicase report somewhat different results. The discrepancies may be due to differences in assay conditions, expression systems, purification procedures, or genetic variations. A rigorous comparison of the HCV helicase enzymes obtained from different viral isolates has not been reported. However, single amino acid substitutions in the HCV helicase have been repeatedly shown to influence its activity not only in vitro (22, 31, 37) but also in vivo and by using replicons. Adaptive mutations that allow HCV subgenomic replicons to replicate more efficiently in cell culture accumulate in the helicase (19, 24) . Numerous mutations also arise in NS3 during treatment, possibly due to immune selection (39) . Likewise, in chimpanzees infected with HCV, mutations that arise in the NS3 helicase allow the virus to escape the effects of cytotoxic T lymphocytes in the liver (8, 40) .
In this study, helicases from the infectious clones of the three most common genotypes in North America (1a, 1b, and 2a) were expressed in identical systems, purified, and characterized. The goal was to better understand the molecular consequences of HCV genetic variability and to further define the conserved targets for antiviral agents. Two of the helicases were derived from genotypes that normally do not respond to therapy (genotypes 1a and 1b), and a third was taken from a genotype that normally responds to therapy (genotype 2a). About 15% of the amino acids varied among the genotypes. Most of the basic properties of the helicase were conserved, but there were numerous apparent differences among the proteins. Most importantly, though, the helicase from genotype 2a bound DNA more tightly and unwound it more efficiently than the helicase isolated from either genotype 1b or 1a. A variant residue that contacts the DNA backbone was identified, and mutation of this residue appeared to account for some of these observed differences. The data show that natural genetic variation outside the well-known conserved motifs (13) affects helicase activity and possibly viral replication rates.
MATERIALS AND METHODS

Materials.
RNase-free reagents were purchased from Ambion, Inc. (Austin, Tex.). Nucleotides and NAs were treated with RNAsecure reagent (Ambion) according to the manufacturer's instructions. RNA homopolymers were purchased from Sigma, and their concentrations were determined from their extinction coefficients. DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, Iowa), and their concentrations were determined from the extinction coefficients provided by their manufacturer.
Genetic constructs. A set of plasmids was constructed to express the various HCV helicases in Escherichia coli. HCV cDNA encoding the NS3 protein (amino acids 1193 to 1659 of the polyprotein encoded by genotype 1a or 1b; amino acids 1197 to 1663 of the genotype 2a polyprotein) was inserted in the multiple cloning site of vector pET24a (Novagen). PCR was used to amplify the DNA in separate reactions from three infectious DNA clones of genotype 1a (pCV-H77c [42] ), genotype 1b (pJ4L6S [43] ), and genotype 2a (pHC-J6CF [41] ). Plasmids pCVH77c, pJ4L6S, and pJ6CF were generous gifts from Jens Bukh (National Institutes of Health). The primers used to amplify and attach 5Ј and 3Ј restriction sites to helicase cDNA are listed in Table 1 . After amplification, DNA containing each helicase was digested with the appropriate restriction enzymes, whose sites are encoded by each primer set, and then purified and ligated into similarly treated vector DNA. The resulting plasmids were sequenced and designated p24Hel-1a, p24Hel-1b, and p24Hel-2a, respectively. In each case, the recombinant helicases were placed under the control of a T7(lac) promoter. For expression, the plasmids were used to transform strain BL21(DE3), which contains T7 polymerase under the control of a lac promoter. Strains harboring p24Hel plasmids express their respective recombinant HCV helicases with an additional Met, Ala, and Ser at their N terminus and the 20-amino-acid-long sequence PNSSSVDKLAAALEHHHHHH fused to their C terminus. The recombinant proteins were designated Hel-1a, Hel-1b, and Hel-2a.
Threonine 450 of Hel-1a was modified to isoleucine by using a QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. Two internal mutagenic primers, T450I sense and T450I antisense (Table  1) , were employed to incorporate the substitution. Alterations were confirmed by DNA sequencing. Mutant plasmids were transformed into BL21(DE3) cells, and the recombinant protein was expressed and purified as described below.
Protein purification. The same purification scheme described below was used to purify each helicase. Briefly, BL21(DE3) cells (typically 1-liter cultures) harboring each plasmid were grown to an absorbance at 600 nm (A 600 ) of 0.5 and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside. After 3 h, cells were harvested by centrifugation, washed in Tris-buffered saline (pH 7.5), and resuspended in 10 ml of 50 mM HEPES (pH 8)-300 mM NaCl-1 mM dithiothreitol (DTT)-10 mM imidazole (buffer A). Cells were lysed by two passes through a French press, and the extract was cleared by centrifugation at 25,000 ϫ g (fraction I). Fraction I was loaded onto a 5-ml Ni-nitrilotriacetic acid column (Novagen) previously charged with NiSO 4 and equilibrated in buffer A. The column was washed and eluted with buffer A containing a gradient of imidazole from 10 to 300 mM. Fractions containing helicase were combined (fraction II). (NH 4 ) 2 SO 4 was added to 60% saturation to fraction II, and the precipitate was dissolved in 1 ml of 50 mM Tris (pH 7.5)-1 mM EDTA-1 mM DTT (buffer B) (fraction III). Fraction III was loaded onto a 100-ml Sephacryl S-200 highresolution gel filtration column, which was equilibrated and eluted with buffer B, and fractions containing helicase were pooled (fraction IV). Fraction IV was loaded onto a 2-ml DEAE Sepharose column and eluted with an NaCl gradient from 10 to 500 mM. Combined fractions were dialyzed into buffer B containing 50% glycerol for storage (fraction V). Protein concentrations were determined by using A 280 with the following extinction coefficients calculated from the Trp, (12) . In the colorimetric assay, phosphatecontaining solutions (up to 300 l) were added to 700 l of freshly prepared 6:1 mixture of 0.42% ammonium molybdate in 1 N H 2 SO 4 -10% ascorbic acid and incubated for 20 min at 42°C. In this assay, 50 nmol of phosphate yielded an A 780 of 1.0. Both the radioactive and colorimetric phosphate assays yielded identical results. Data were fit to equation 1 by nonlinear least-square analysis using the Prism program (version 3.02 for Windows; GraphPad Software, San Diego, Calif.).
Equation 2 was used to determine the k cat in the presence of saturating amounts of NAs and the constant K NA , which defines the amount of NA required to stimulate a half-maximal rate of NTP hydrolysis.
[E] T is the total enzyme concentration.
In competition experiments, K i values were determined from equation 3 by measuring [␥-
32 P]ATP hydrolysis in the presence and absence of unlabeled NTPs.
In equation Gel shift assays. DNA was labeled with T4 polynucleotide kinase with [␥-
32 P]ATP and purified from free ATP by using a Sephadex G-25 column. Oligonucleotide concentrations were determined by measuring A 280 . Binding reactions contained 50 mM Tris (pH 7.5), 10 mM MgCl 2 , labeled oligonucleotide, and helicase at the indicated concentrations. After 10 min at room temperature, 2 l of tracking dye (0.25% bromophenol blue, 0.25% xylene cyanol FF, 40% sucrose) was added and the samples were loaded on a 12% native Trisborate-EDTA (TBE) polyacrylamide gel. After electrophoresis, the gel was dried and analyzed with a Molecular Dynamics Storm 860 PhosphorImager to determine the ratio of bound to free DNA. These ratios were used to calculate the concentrations of bound and free DNA in the original reaction from the total DNA in the reaction.
Fluorimetric titration assays. The quenching of the intrinsic protein fluorescence upon formation of the enzyme-NA (E ⅐ NA) complex was monitored as described previously (21, 33) . Aliquots of DNA were added to the NS3 helicase (100 nM) in 1 ml of reaction buffer (50 mM morpholinepropanesulfonic acid (MOPS) ⅐ NaOH [pH 7.0], 5 mM MgCl 2 , 5 mM DTT, 0.1% Tween 20) at room temperature. Fluorescence was measured by exciting the sample at 280 nm and reading the emission at 340 nm with a Hyper RF fluorimeter (Shimadzu). Excitation and emission slit widths were set to 3 and 10 nm, respectively. A blank titration in which an equivalent volume of buffer was added to the enzyme was included to correct for the drift in the fluorescence signal. All fluorescence data were corrected for sample dilution and inner-filter effects according to equation 4
where F c is the corrected fluorescence, F is the observed fluorescence, v o is the initial sample volume, and v i is the total volume of titrant added. The fractional fluorescence F NA remaining was calculated by dividing F c by the initial fluorescence value of the protein in the absence of NA. F NA was fit to the total concentration of added NA ([NA] T ) by using equation 5
in which F MAX is the fractional fluorescence resulting from the total conversion of E to E ⅐ NA and K D is the dissociation constant of E for NA.
DNA helicase assays. HCV helicase assays were performed by measuring the dissociation of duplex DNA under single-turnover conditions as previously described (29) . The dissociation of a labeled release strand from a template strand (Table 1) was monitored by gel electrophoresis. To prepare the radiolabeled release strand, [␥-32 P]ATP was incorporated in the 5Ј end of the release strand with polynucleotide kinase according to the manufacturer's procedure (Roche, Indianapolis, Ind.). To anneal the oligonucleotides, equal concentrations of each appropriate oligonucleotide were mixed in 10 mM Tris (pH 7.5), heated to 90°C, and cooled to room temperature over several hours.
Assays were carried out under single-turnover conditions to measure an observed first-order rate constant, or k obs , of DNA unwinding. HCV helicase (280 nM) and DNA substrate (1 nM) were preincubated in reaction buffer (10 mM Tris [pH 7.0], 5 mM MgCl 2 ) for 10 min at 37°C before initiation by adding 5 mM ATP and trap DNA (3 M). Unlabeled release strand served to trap the enzyme after it dissociated from the substrate. The trap also prevented unwound DNA from reannealing back to the template DNA. After various times, the reactions were terminated by the addition of stopping buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol, 200 mM EDTA, 2% sodium dodecyl sulfate) and separated on a 12% native polyacryamide gel. After 30 min at 200 V, the gel was dried and exposed on a phosphorimager screen. The intensity of the annealed and unwound products was subsequently visualized with a PhosphorImager and quantified by using the ImageQuant software from Molecular Dynamics.
To determine the rate of DNA unwinding, data collected at the various time points during the unwinding assays were fit to equation 6
where %U(t) is the percentage of duplex unwound at time t. Reaction amplitude (A MAX ) is a function of the ratio at which the helicase falls from a template to the frequency at which it completely unwinds a duplex and is thus a measure of the processivity of unwinding.
RESULTS
Expression and purification of the HCV helicase from genotypes 1a, 1b, and 2a. This project was initiated as an attempt to elucidate the molecular differences between HCV genotypes 1 and 2, the most common genotypes in North America. The HCV helicase was chosen for analysis because it can be relatively easily expressed and purified as a recombinant protein and because the helicase is a popular target for rational HCV drug design. The helicase proteins described here are truncated and lack the first 166 amino acids of the mature HCV NS3 protein. The HCV helicase fragment is used in order to simplify analysis and because the full-length proteins from genotypes 1a and 2a are expressed poorly in E. coli. In our experience, both the full-length NS3 and single-chain recombinant NS3-NS4A proteins (16) from genotypes 1a and 2a form mainly insoluble inclusion bodies.
The recombinant HCV helicase proteins were derived from full-length, infectious cDNA clones of HCV genotypes 1a, 1b, and 2a. Recombinant purified helicase from genotype 1a (Hel1a) contains amino acids 1193 to 1658 of the HCV strain H77 polyprotein (NCBI accession no. AAB67036 [42] ). Helicase from genotype 1b (Hel-1b) possesses residues 1193 to 1658 of strain HC-J4 (NCBI accession no. AAC15722 [43] ), and helicase from genotype 2a (Hel-2a) contains residues 1197 to 1662 of the polyprotein expressed by HCV strain HC-J6(CH) (NCBI accession no. AAF01178 [41] ).
Each of the three recombinant helicases contains the same C-terminal fusion peptide with a polyhistidine tag. Each was expressed in the same cell line [BL21(DE3)] and purified with the same protocol. No differences were noted regarding their relative affinities for the columns used during purification. However, the helicases were expressed at different levels in E. coli. Cells containing plasmids expressing Hel-1b consistently produced more protein than cells expressing either Hel-1a or Hel-2a. Typically, 1-liter cultures yield approximately 8 to 10 mg of Hel-1b, 4 to 5 mg of Hel-2a, and 2 to 3 mg of Hel-1a.
Hydrolysis of ATP by helicases isolated from different genotypes. ATPase assays of the three purified helicases are shown in Fig. 1 . Initial rates of [␥-
32 P]ATP hydrolysis were measured for the three helicases at different concentrations of ATP. Under these conditions, velocity was linear with both time and enzyme concentration. Differences between the enzymes were most apparent in the absence of NAs (Fig. 1A) . In the absence of NAs, Hel-1b was significantly less active (lower V/E) than either Hel-1a or Hel-2a. However, in the presence of RNA, all three helicases hydrolyzed ATP at similar rates (Fig. 1B) . When the data were fit to the Michaelis-Menten equation (equation 1), it became apparent that the presence of NA, in this case, poly(U) RNA, not only stimulates the hydrolysis of ATP but also dramatically decreases the affinity of the enzymes for ATP ( Table 2 ). The data shown in Fig. 1 and Table 2 are expressed as the rate of hydrolysis per mole of enzyme. The apparent K m of ATP in the absence of poly(U) RNA for Hel-1a, Hel-1b, and Hel-2a decreased 19-fold, 46-fold, and 30-fold, respectively, when RNA was present. The apparent k cat of ATP hydrolysis by Hel-1a increased 38-fold in the presence of poly(U) RNA. Under the same conditions, the k cat of the Hel-1b-catalyzed reaction increased 98-fold, and in the Hel-2a-catalyzed reaction, k cat increased 32-fold. The greater stimulation of Hel-1b is due entirely to its lower basal ATPase level.
Stimulation of NS3 ATPase by NAs. Because helicase is an NA-activated ATPase, another kinetic constant (K NA ) could be defined that describes the concentration of the DNA or RNA that supports half the maximum rate of NTP hydrolysis. To determine K NA , each helicase was titrated with poly(U) at saturating levels of ATP (4 mM, approximately 10 to 20 times the K m ). The resulting data are shown in Fig. 2 . As seen with a single concentration of NA (Fig. 1) , RNA stimulated ATP hydrolysis by each helicase. The data were fit to equation 2 to yield the K NA values listed in Table 2 and another estimate of stimulated k cat , which was in good agreement with the stimulated k cat determined from experiments in Fig. 1B . The average of the two stimulated k cat values is listed in Table 2 . Each helicase bound poly(U) with a similar affinity and, under these optimal conditions, hydrolyzed ATP at similar rates.
HCV NS3 helicase NTPase substrate specificity. The kinetic constants for each of the canonical cellular NTPs were deter- Table 2. FIG. 2. RNA stimulation of ATP hydrolysis catalyzed by Hel-1a, Hel-1b, or Hel-2a. Steady-state rates of ATP hydrolysis catalyzed by Hel-1a (squares), Hel-1b (triangles), or Hel-2a (circles) were measured in the presence of nine different concentrations of poly(U). The experiments were repeated with three different amounts of enzyme, and average turnover rates (moles of ATP hydrolyzed/moles of enzyme/second) were plotted. The data were fit to equation 2, and the curves were drawn by using the resulting constants (Table 2) . Fig. 3 ; Table 2 ). To determine the basal k cat [k cat in the absence of NAs] and the K NA , the RNA titrations shown in Fig. 2 were repeated, substituting another NTP for ATP (data not shown). The results are summarized in Table 2 . The relative affinities of the helicases for various NTPs were then determined from inhibition experiments (Fig. 3) Table 2 . All three helicases hydrolyzed the four canonical NTPs at similar rates in the absence of NAs. Under stimulated conditions, all three enzymes hydrolyzed ATP the fastest, although the other NTPs were cleaved 50 to 80% as rapidly. In both the presence and absence of RNA, there were noticeable differences in the affinity of helicase for the various NTPs. Interestingly, under all conditions, GTP bound the enzymes less tightly while the pyrimidine nucleotides bound with an affinity similar to that for ATP ( Fig. 3 ; Table 2 ). The relative specificities in terms of affinity or catalytic efficiency (k cat /K m ) of the three enzymes were difficult to compare because of the large errors on some kinetic constants, but the only NTP that was hydrolyzed significantly less efficiently was GTP. Thus, the relative catalytic efficiencies were generally ATP Ն CTP Ϸ UTP Ͼ GTP for each enzyme. Similar results were obtained with deoxynucleoside triphosphates (data not shown).
The only apparent difference regarding NTP preference was that Hel-1a is less discriminating between GTP and the other NTPs. As seen in Fig. 3 , GTP bound relatively more tightly to Hel-1a than to either Hel-1b or Hel-1a. From the resulting data, shown in Table 2 , Hel-1a bound ATP only 1.9-fold more tightly than GTP. In the absence of RNA, Hel-1b bound ATP 6.6-fold more tightly and Hel-2a bound ATP 3.7-fold more tightly than it bound GTP. This difference was not apparent, however, in the presence of stimulating poly(U) RNA.
Helicase template specificity. Unlike related proteins, reports indicate that HCV NS3 NTPase is more stimulated by certain NA sequences (35) . The fact that HCV helicase is preferentially stimulated by poly(U) RNA has led to the speculation that the enzyme initiates its action at the polypyrimidine stretch of the 3Ј untranslated region of the HCV genome, and some binding data support this hypothesis (2) . The effect of various NAs on Hel-1a-, Hel-1b-, and Hel-2a-catalyzed ATP hydrolysis was therefore examined to determine whether this distinctive stimulation profile is a conserved property.
Various NAs were titrated into reactions monitoring ATP hydrolysis by HCV helicase. Such titrations, analogous to those shown in Fig. 2 , yielded estimates of k cat and K NA for each template and each helicase (Fig. 4) . Template preferences could be due to enhanced binding (K NA effect) or an enhanced turnover rate (k cat effect). ATP hydrolysis by the various helicases was analyzed with RNA homopolymers and DNA oligonucleotides of defined lengths. Because the lengths of the NAs vary, NA concentrations are reported in terms of nucleotide concentration as opposed to the concentration of 3Ј ends. The various templates not only bound the helicase with different affinities (Fig. 4B) but also promoted vastly different maximum rates of ATP hydrolysis (Fig. 4A) .
The clearly higher affinity (lower K NA [ Fig. 4B ]) of the enzyme for poly(U) explains its previously reported template preference (35) . In addition, as observed by others, poly(G) failed to stimulate the helicase (35) . Among RNA homopolymers, the enzyme preferentially bound poly(U) over poly(C) or Table 2. poly(A); however, at saturating NA concentrations, all three templates supported similar k cat values (Fig. 4A) . Unlike their ribonucleotide counterparts, however, the homopolymeric DNA templates supported very different maximum rates of ATP hydrolysis. For example, dU18 stimulated ATP hydrolysis more than sevenfold better than dA18 or the polypurine template dGA9 (dG18 could not be synthesized for technical reasons). In general, pyrimidine templates stimulated higher k cat values than purine templates. As seen with the RNA templates, purine-containing DNAs stimulated the enzyme less efficiently than that with pyrimidine templates (compare dA18 to dT18 or dC18; compare dGA9 to dCT9 [ Fig. 4B]) .
Another explanation for the disparity in NA stimulation could be the secondary structures formed by the NAs. For example, the failure of poly(G) to stimulate hydrolysis might be due to its propensity to form complex structures. To test this hypothesis, DNA oligonucleotides that form hairpin dimers were tested for their ability to stimulate the HCV NS3 ATPase. The first two of these templates, dAT9 and dGC9, can form either duplex DNA (because they are self complementary) or stable 9-bp hairpins. As suspected, dGC9, which forms a stable duplex, did not stimulate hydrolysis. However, at saturating levels, dAT9 stimulated hydrolysis similar to that of the polypurine template dGA9 (Fig. 4A ). AT9 formed a less stable duplex than GC9 because fewer hydrogen bonds were formed in A ⅐ T base pairs. There is a clear two-to fourfold difference in the affinity of the helicase for dAT9 compared with that of templates less likely to form stable base pairs (Fig. 4B) . The ability of dAT9 to stimulate ATP hydrolysis suggests that some of this template is present in a single-stranded form.
HCV helicase requires a 3Ј single-stranded region in order to initiate strand separation (36) , and the 3Ј-to-5Ј polarity of helicase translocation has recently been confirmed (27) . Templates 5ЈC and 3ЈC were used to assess the effect of the polarity of single-stranded regions on ATPase stimulation. Template 3ЈC is identical to dGC9 except for a 3Ј poly(C) tail. Likewise, template 5ЈC is identical to dGC9 except for a 5Ј poly(C) tail. Unlike dGC9, both 5ЈC and 3ЈC stimulate the NS3 ATPase, indicating that the helicase can bind to both 3Ј and 5Ј singlestranded regions, as has been previously reported (36) . Interestingly, the enzymes clearly differentiated between substrates with 5Ј and 3Ј ssDNA tails (Fig. 4B) . In fact, template 3ЈC stimulated each enzyme three-to fivefold more efficiently than template 5ЈC, suggesting that the location of the duplex region plays a role in stabilizing the template in its binding site.
Binding assays. The above data strongly suggest that HCV helicase preferentially binds certain DNA sequences. However, K NA is a kinetic constant and may not reflect a true dissociation constant if HCV helicase and NA are not in a state of rapid equilibrium. In addition, ATP hydrolysis and subsequent protein translocation likely affect the apparent affinity for certain templates. Two methods were utilized to examine more directly the interaction of NAs with HCV helicase: gel shift assays and fluorimetric binding equilibrium titrations. These studies focused on two oligonucleotides, one containing only pyrimidines (dCT9) and a second that contained only purines (dGA9). Oligonucleotide dCT9 activated all three helicases to a higher k cat than dGA9 (Fig. 4A ) and did so with a lower K NA (Fig. 4B) .
In gel shift assays (Fig. 5) , increasing amounts of helicase (up to 1 mM) were incubated with the same amount of a radiolabeled DNA oligonucleotide (200 nM). After 10 min at room temperature, the complexes were separated on native polyacrylamide gels and the percentage of bound DNA (shifted) was determined by image analysis. In such assays, it was immediately apparent that more protein was required to shift 50% of dGA9 than was necessary to shift 50% of dCT9 (Fig.  5B) . All three helicases retained this sequence specificity, and all had about the same relative affinity for the DNA (Fig. 5B) .
The gel shift studies likely underestimate the protein-DNA binding because equilibrium is perturbed during electrophoresis. Therefore, another method was used to determine DNA binding by the helicase under equilibrium conditions. Because HCV helicase has an exposed tryptophan near the ssDNAbinding site (18) , DNA binding could be measured by moni- FIG. 4 . Template preferences of the various HCV helicases. In experiments analogous to those shown in Fig. 2 , the steady-state rate of hydrolysis of ATP by HCV helicase isolated from three genotypes was monitored in the presence of nine different concentrations of various NA templates. Several rates were obtained at NA concentrations above and below each calculated K NA . Data were fit to equation 2 to yield the maximum turnover rate k cat (A) and an apparent affinity, K NA , of the enzyme for each activator (B). In each panel, the bars represent the values obtained with Hel-1a (white), Hel-1b (gray), or Hel-2a (black). Template sequences are listed in Table 1 . Kinetic constants were not determined (n/d) for sequences that did not stimulate ATP hydrolysis.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ toring intrinsic protein fluorescence. As the template binds, the protein fluorescence was quenched, as shown in Fig. 6 . As shown by others (21, 33) , nonlinear regression analysis of such data yields a maximum fluorescence change (⌬F MAX ) and an apparent dissociation constant (K D ). Clear differences between Hel-2a and the helicase isolated from genotype 1 strains were noted in these titrations monitoring protein fluorescence ( Fig. 6; Table 3 ). First, Hel-2a bound the oligonucleotides the most tightly. Oligonucleotide dCT9 bound Hel-2a 10 times more tightly than Hel-1a and 3 times more tightly than Hel-1b. Similarly, dGA9 bound Hel-2a 25-fold tighter than Hel-1a and 10-fold tighter than Hel-1b. With both Hel-1a (Fig. 6A) and Hel-1b (Fig. 6B) , templates composed of pyrimidines quenched protein fluorescence more effectively than those composed of purines quenched fluorescence. However, when the same experiment was repeated with Hel-2a (Fig. 6C) , both oligonucleotides quenched fluorescence to a similar extent. The data in Table 3 clearly shows that K D is sequence dependent. Previous studies (21, 33) have only shown that K D is length dependent (short templates bind more weakly). The absolute values for the binding constants for dCT9 to HCV helicase (Table 3) were in the same range as those reported for other pyrimidine-containing templates (21, 33, 34) .
Hel-2a unwinds DNA more rapidly than Hel-1a and Hel-1b. It is difficult to measure helicase unwinding under steady-state conditions because when substrate (duplex NA) is in excess over enzyme, it is likely that the ssDNA products will reanneal before unwinding can be observed. For this reason, most he- Table 3. licase assays are done with a very low concentration of substrate and excess helicase. Under such conditions, all three helicases examined here unwound duplex DNA, RNA, and DNA/RNA heteroduplexes, but no differences were noted among the helicases (data not shown). The helicase assays were therefore repeated in the presence of excess NA to act as an enzyme trap (Fig. 7A) . When a trap is included in helicase assays, it prevents free enzymes from binding partially unwound substrate after an initially bound enzyme dissociates from the template. Thus, both unwinding rate and processivity can be assessed in a single-turnover assay. In single-turnover assays, clear differences were noted in the abilities of the helicases to unwind duplex NAs (Fig. 7A) . The NA substrates used for the assay shown in Fig. 7 contained a template strand with a 3Ј overhang annealed to a ␥-32 P-labeled release strand (for sequences, see Table 1 ). NA and HCV helicase were preincubated, and the reactions were initiated by the addition of ATP and excess trap NA, which was made of the same NA sequence as the release strand. Reactions were terminated, separated on a 12% native polyacryamide gel, and analyzed with a phosphorimager. Figure 7A shows that all three helicases purified here shared a decreased ability to processively unwind RNA. The low processivity of HCV helicase on RNA compared to that on DNA was recently reported in a study using the full-length NS3 protein from the H-strain of HCV genotype 1a (29) . The nature of the template strand appears to primarily determine enzyme processivity. A heteroduplex with a 3Ј DNA tail (RNA/3Ј DNA) was unwound almost as well as duplex DNA, whereas a heteroduplex with an ssRNA tail (DNA/3Ј RNA) was unwound poorly.
It is also apparent from the data in Fig. 7A that Hel-2a appears to unwind NA faster than the other two enzymes. To investigate this effect in more detail, HCV helicase assays were performed under single-turnover conditions to measure k obs and A MAX . The amplitude is a function of the ratio at which the helicase falls from a template to the frequency at which it completely unwinds a duplex and is thus a measure of the processivity of unwinding. The assays were performed with DNA because RNA was not processively unwound by the enzymes (Fig. 7A) .
To determine the above constants describing unwinding kinetics, unwound DNA at various times was fit to equation 6. The results (Fig. 7B) indicate that the three helicases functioned with somewhat different rates and processivities. Hel-1a and Hel-1b unwound DNA more slowly, whereas Hel-2a unwound more rapidly, with a higher apparent processivity. The differences were minor, however, and rates varied by less than twofold.
Genetic differences. Alignments of the three helicase proteins (Fig. 8A) revealed that Hel-1a and Hel-1b share 92% identical amino acids. Amino acid residues were numbered from the start of the full-length NS3 protein containing the HCV serine protease. Hel-1a and Hel-2a were 85% identical, and likewise, Hel-1b and Hel-2a had 85% of their residues in common.
As seen in Fig. 8A , there was significant variation near the six conserved helicase motifs. Motif I (GSGKS) was a Walkertype (P-loop) nucleotide-binding site and was absolutely conserved among Hel-1a, Hel-1b, and Hel-2a. The second motif contained the DECH (DEAD-box-like, or DExD/H-box) signature sequence. Although the DECH sequence was conserved, the residues immediately following this sequence varied. The sequence around motif II in Hel-1a was DECHSTDA, the sequence around motif II in Hel-1b was DECHSTDS, and the sequence for Hel-2a was DECHAVDS. Near motif III (VLATAT), residue 318 differed between genotypes 1 and 2. However, there were differences among genotypes 1a, 1b, and 2a in the 2 amino acids flanking motif V. At position 410, the N terminus of motif V near the bound DNA, genotype 1a had a serine whereas genotypes 1b and 2a each had an alanine. At position 418, genotypes 1a and 1b had a phenylalanine but genotype 2a had a tyrosine. Variant residues that could play a role in RNA binding are likely located in the RNA-binding site of HCV helicase (Fig.  8B) . Several residues vary in the region located near the 5Ј end of the DNA in a co-crystal structure with HCV helicase (18) . In the structural models of NS3 with bound DNA (18) , one of these residues, T450, was positioned to interact with the phosphate backbone. However, this residue was not conserved in all genotypes (Fig. 8A) , and in Hel-2a, NS3 residue 450 was an isoleucine. The helicase from genotype 2a (Hel-2a) bound DNA more tightly (Fig. 6 ) and unwound DNA more rapidly (Fig. 7) and the wild-type Hel-1a were both stimulated by RNA (Fig.  9A) , but T450I had a K NA about twofold lower than that of Hel-1a. The two proteins also had similar NTP and NA specificities (data not shown). However, like Hel-2a, T450I unwound DNA more rapidly than Hel-1a, with a higher apparent processivity (Fig. 9B) . The T450I mutation also dramatically influenced the binding properties of the Hel-1a protein. Like Hel-2a, T450I did not discriminate between dCT9 and dGA9 as well as Hel-1a or Hel-1b (Table 3 ). In fact, dGA9 bound T450I slightly more tightly than dCT9. This new behavior is due to the fact that T450I bound dGA eightfold more tightly than the wild-type Hel-1a (Fig. 9D ), but the mutation did not significantly alter the affinity for dCT9 (Fig. 9C) . These data clearly show that T450 plays a significant role in DNA binding and unwinding and that mutation of this residue to isoleucine in Hel-2a could account for some of the distinctive properties of Hel-2a.
DISCUSSION
Three main differences were noted among the HCV helicases isolated from the three distinct HCV genotypes. First, Hel-1b hydrolyzes NTPs more slowly. Second, Hel-1a poorly discriminates among the canonical NTPs. Third, Hel-2a unwinds DNA more rapidly and binds DNA more tightly. Variations near the ATP-binding motifs (Fig. 8 ) might explain differences in ATPase function, but this hypothesis was not directly tested. However, we have shown by site-directed mutagenesis that variation in the NA-binding cleft likely explains differences in DNA binding and unwinding (Fig. 9 ). Although these differences are minor in kinetic terms, they could play important roles in the viral life cycle, especially if helicase action limits the rate of viral replication.
One noteworthy conserved property is the enzyme's NA stimulation profile (Fig. 4) . When Suzich et al. (35) first isolated the HCV helicase, they noted that the NS3 ATPase was preferentially stimulated by certain NA sequences. This unique polynucleotide stimulation profile distinguishes the HCV enzyme from related cellular proteins (6) and even helicases isolated from the same family of viruses (35) . Since then, several other studies have illustrated that HCV helicase binds some sequences, particularly those containing uracil, more tightly (2, 15, 17, 30) , and that NS3-catalyzed ATP hydrolysis is preferentially stimulated by certain NAs (26, 33) . This template preference is an intrinsic and conserved property of the enzyme (Fig. 4) . All three helicases were stimulated similarly by different NA sequences and bound certain sequences composed of pyrimidines more tightly. Some K NA differences (Fig.  4B ) might be accounted for because different templates have different propensities to form secondary structures. In other words, the absolute concentration of ssDNA varies for each template. Table 3 . In each panel, data obtained with Hel-1a, the parent of T450I, are shown as a dotted line.
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As shown by the equilibrium binding assays (Fig. 6) , some of this NA preference stems from the tighter binding of the helicase to certain sequences. However, NA-binding properties are not conserved between genotypes 1 and 2. For example, Hel-2a binds DNA more tightly than Hel-1a or Hel-1b. In addition, enzymes that do not effectively discriminate between dCT9 and dGA9, such as Hel-2a and T450I, are still stimulated by pyrimidine templates more efficiently than by the purinecontaining templates. Tighter binding also does not explain the different maximum hydrolysis rates of ATP supported by different templates (Fig. 4A) . At saturating concentrations, not all templates support the same turnover rate of ATP. Such template preferences are quite remarkable, especially in light of the crystal structure of the HCV helicase bound to DNA in which no direct interactions between helicase side chains and nucleotide bases were noted (18) . Exactly how and why certain NAs more efficiently stimulate the HCV NS3 ATPase/helicase have not yet been fully explained.
Another property that varies among the helicases is their intrinsic rate of ATP hydrolysis. Hel-1b hydrolyzes ATP slower than the other two helicases. How could a lower basal level of ATPase be linked to the pathogenicity of genotype 1b and its poor response to therapy? The answer may lie in the fact that, in the absence of NAs, HCV helicase still hydrolyzes ATP at a rapid rate (k cat ϭ 0.5 to 3 s Ϫ1 ). Such an activity squanders the precursors necessary for viral replication, especially because HCV helicase does not significantly differentiate between ATP, CTP, and UTP; only GTP interacts with the enzyme with a lower affinity ( Table 2 ). Strains that have evolved to minimize this wasteful activity could replicate more quickly. Alternatively, as pointed out by Aoubala et al. (1) , unnecessary NS3-catalyzed cellular ATP hydrolysis could lead to a buildup of AMP, leading to an induction of metabolic stress responses, which could lead to global changes in gene expression and/or the destruction of host cells.
The absolute rate of NTP hydrolysis is not the only variant property of the helicase that could influence the virus life cycle. Slight changes in substrate specificity could also have profound implications. Helicases with relaxed NTP specificity, like Hel1a, might more rapidly degrade antiviral agents that exert their effects as NTPs. For example, a theory that ribavirin acts as a lethal mutagen to eliminate HCV has been proposed recently (5) . To act as a mutagen, ribavirin must first be converted to an NTP and incorporated into viral RNA by the NS5B RNAdependent RNA polymerase. RTP has been shown to inhibit HCV helicase (3), and in this process, RTP would likely be degraded to ribavirin diphosphate, which is not a substrate for NS5B polymerase. Thus, the indiscriminate nature of the NS3 ATPase could help the virus evade a wide variety of antiviral drugs.
The final difference noted between genotype 1 and 2 helicases was in the rate of DNA unwinding. Hel-2a unwound DNA faster than the other two enzymes. The more efficient unwinding by Hel-2a could be because Hel-2a binds DNA more tightly, which might enhance the processivity of the enzyme. More rapid helicase action might help explain why genotype 2a is more sensitive to therapy if ribavirin indeed functions as a lethal mutagen (5) . More rapid RNA unwinding would allow the virus to replicate faster, and faster replication could lead to more incorporation of ribavirin into the viral genome, more mutations, and error catastrophe.
Whereas some of the differences noted in this study, which are minor in kinetic terms, could result simply from subtle unforeseen variations in the enzyme preparations, the distinguishing characteristics of Hel-2a clearly result from genetic variations. We have used site-directed mutagenesis to demonstrate this point. Hel-1a bearing the single point mutation T450I has many of the same characteristics as Hel-2a (Fig. 9) . The finding that this nonconserved residue is important for helicase function identifies a new region that is critical for the helicase action outside the motifs conserved among related helicases.
The biological relevance of the genotypic differences in NS3 has not been addressed in this study, but several intriguing ideas can be gleaned from the resultant data. For example, we have suggested that the enhanced unwinding by Hel-2a could be the basis for the non-genotype 1 strains' better response to antiviral therapy. Although such ideas are highly speculative, they could be feasibly tested by measuring mutation rates in HCV replicon systems (14) . Current replicons could be modified to contain Hel-2a or simply the T450I substitution. Viral replication rate and fidelity could then be measured in the presence and absence of ribavirin or other antiviral compounds.
